The importance of the detailed BIM for buildings like the free-form building in our case cannot be emphasized enough in case of automated and especially additive manufacturing. Integral design of all building accessories like internal heating, ventilation, and air conditioning (HVAC), water supply, and drainage network installations is essential when applying additive manufacturing. In such a building it is impossible to build the ventilation network with traditional vertical and horizontal canals. Important benefit of digitally fabricated building can be internal topological optimization of building elements like walls and slabs for thermal insulation and structural capabilities. Application of large-scale additive manufacturing systems in the AECO industry is in early research phase. Future research directions are further parameterization of the interoperability demand function, BIM maturity, automation of workflow models, and new approaches for engineering of embedded building elements.
Introduction
New service-oriented manufacturing paradigm, cloud manufacturing (CMfg) [1] , is a vibrant research topic, which requires: (a) business collaboration culture [2] , (b) sharing of resources thru the interoperability and standardisation within product lifecycles ( [3] , [4] ) and (c) automation of manufacturing workflows [3] . In the AECOO industry, interoperability was regarded as the driving force behind efforts for improved productivity [5] , [6] . It is widely believed that the establishment of interoperability of the information systems between project stakeholders can generate significant business value and enable profitable growth [7] , if the AEC industry would minimise cost of interoperability inefficiency [8] between stakeholders in the construction processes.
Therefore, interoperability in the construction industry improves construction labour productivity thru diminishing duplication of effort and reducing the chance of on-site mistakes, which in consequence, saves time. The negative cost impact increases with advancing life-cycle phase, from planning and design phase (17%) to construction phase (26%) and to operation and maintenance phase (57%).
Interoperability for service-oriented manufacturing
The cost share of interoperability inefficiency in construction lifecycle is the highest in the operation and maintenance phase. This means that the phase has the greatest potential for interoperability improvement when we compare it to the cost share in the planning and design phase, and construction phase. Improved interoperability in the operation and maintenance phase would reduce the cost share in this phase.
Automated manufacturing systems correspond to the construction phase (erection of the building) [9] . More automation in construction phase would increase interoperability demand in this phase.
Although the interoperability problem in construction implies not only connecting information systems but also business processes, culture and values, and management of contractual issue [10] , focus of our research intends to contribute to the understanding of technical interoperability problems related to the automated manufacturing. To identify the interoperability problems, we conducted an experiment that included: (a) digital design of a reinforced construction element with integrated central ventilation duct system, (b) preparation of tasks for automated manufacturing of the element, and (c) manufacturing of the element with the additive manufacturing (AM) technology (3D printing) [11] . The problems that we identified are: (a) exchange of digital parameterised workflow model is not supported in IFC2x4, (b) streamlined generation of tasks for automated manufacturing systems from BIM is not supported.
In the following part of the section we derive the main requirements for more interoperable use of automated manufacturing systems in the construction phase. The requirements are supported by an experiment where the laboratory size construction element model was manufactured in a fully automated manner with the AM 3D printing technology. The element demonstrates a non-traditional design and embedded building accessory (ventilation canals). Our goal was twofold: (a) to identify all interoperability problems in the process from design to automated manufacturing of the model, and (b) to identify requirements for application of structural engineering result, such as reactions and internal forces, into the infill strategies. The identified problems are then analysed and improvement proposals presented as requirements for future projects.
Computer-controllable lifecycle workflow model
Traditional and deep-rooted construction scheduling practice patterns deny the need for digital workflow model, which would enable stakeholders (investors, project managers, contractors, subcontractors, cost estimators) better control over the construction process. A digital parameterised workflow model is needed for future BIM maturity Level 3 (4D, 5D and 6D).
Today, construction workflow modelling is understood as construction scheduling task only. Construction scheduling consumes data from the mostly manual quantity take-off and cost-estimating task. In a fully integrated and collaborative process the construction scheduling task would consume design model and (a) trigger preparation of quantities and costs for materials, parts, labour and machinery (including automated manufacturing systems), (b) optimise scheduled tasks (activity id, activity name, preceding activities, succeeding activities, activity duration, activity cost) in a way to achieve minimal Project Completion Time (PCT) and/or Project Completion Cost (PCC), and (c) update single shared BIM with results from (a) and (b). These data, for example material and quantities, can be used for preparation of tasks for automated manufacturing systems.
In order to achieve more controllable construction workflow, traditional Corporate Performance Management (CPM) based software, for example MS Project, Primavera, Suretrack and ProjectLibre, must interface to already existing standard business process management models like Business Process Modelling Notation (BPMN) [12] . Traditionally, construction schedule created with CPM software is digitally communicated in proprietary format within vendor lock-in processes as a list of tasks. The task list, visualised as Gantt diagram or work breakdown structure, seems to be just sufficiently formal and still comfortable for users in construction industry.
BPMN models have, apart from traditional Gantt diagrams, their XML representation, which enables exchange of workflow data between independent tools in a lifecycle of a (construction) product. BPMN based workflow model in construction, if extended with construction scheduling data, would be computer controllable alternative to existing traditional CPM software. Another advantage is that the BPMN diagram (its XML representation) can be mapped to the XML languages designed for the automation of business process behaviour based on Web Services, Web Services Business Process Execution Language (WS-BPEL, shortly BPEL). BPEL is a vendor-neutral specification to specify business processes as a set of interactions between web services. As such BPMN is the bridge between modelling and immediate software implementation that supports the model. BPEL defines an interoperable integration model that should facilitate the expansion of automated process integration [13] . Two BPEL goals are especially interesting for construction: simulation of business processes and cross-enterprise (i.e. between contractors and subcontractors) automated business processes. BPMN enables higher degree of automation and more complex process sequencing, which supports interoperability demand in construction.
Requirement for computer controllable construction workflow is also in line with the ASCE's 24 priorities for civil engineering practice in the 21st century [14] . Project management together with risk and uncertainty are listed in a group of 10 technical priorities. Fig. 1 shows customized manufacturing workflow, which uses services from global manufacturing service network (MSN) [1] . Companies involved in the lifecycle workflow of the building will be able to form a service-based manufacturing network [15] in the next generation collaboration environments [16] . Such networks will mediate between companies that provide services to one another. For example, a BIM-design service company will provide a BIM with the wall and ventilation canal details, computer-aided process planning service company will extract relevant IFC2x4 data from BIM and prepare geometry in the neutral Additive Manufacturing File (AMF) [17] consumable by 3D printers, and a manufacturing service company will use the AMF file for manufacturing (printing) of the entire building or its parts. The BPMN workflow on the Fig. 1 has its standard XML representation based on which a full set of Web Service Description Language (WSDL) and BPEL can be generated. WSDL is an XML based language for describing the interface of web services. The web services handle data exchange in the workflow.
In terms of BPMN participants of the workflow, such as BIM design services company, are modelled by pools. When dealing with the mapping from BPMN to BPEL, each pool represents a business process. The investor pool is the internal pool, while the other three represent external partners or external processes that interact with the internal pool. Usually, external pools are presented as black boxes. The BPEL process is deployed to the workflow engine service, which setups a web-based user interface that allows users to invoke the web service implemented by the BPEL process. The BPEL process enables modelling, enacting and monitoring of a large number of subcontractor workflows in the construction lifecycle.
Detailed (building) information model (BIM)
Planning and design process predominantly use building information modelling, which results in Building Information Model (BIM, data content industry standard IFC, [18] ) to support interoperability. In order to diminish interoperability inefficiency, BIM data created in the planning and design phase should be consumable by automated manufacturing systems in the construction phase and independent of the specific software or hardware device being used. This allows for model-based data sharing instead of file-based data sharing, which in consequence overcomes syntactical and semantic disharmonies.
According to the UK Governments's strategy paper [19] BIM maturity should reach level 2 by 2016: Level 0: unmanaged CAD probably 2D, with paper (or electronic paper) as the most likely data exchange mechanism.
Level 1: Managed CAD in 2D or 3D format with a collaboration tool providing a common data environment, possibly some standard data structures and formats. Commercial data managed by standalone finance and cost management packages with no integration.
Level 2: Managed 3D environment held in separate discipline BIM tools with attached data commercial data managed by an enterprise resource-planning tool (ERP). Integration on the basis of proprietary interfaces or bespoke middleware could be regarded as proprietary BIM. The approach may utilise 4D programme data and 5D cost elements as well as feed operational systems Level 3: Fully open process and data integration enabled by web services compliant with the emerging IFC standards, managed by a collaborative model server. Could be regarded as integrated BIM (iBIM) potentially employing concurrent engineering processes and utilising 4D (3D in time for construction schedule), 5D (4D with construction costs), and 6D (5D with information for operations and maintenance) models.
Level 3 is necessary for fully interoperable automated manufacturing systems in construction. However, current BIM development (Level 1) in parallel with the development of ALM technologies (especially 3D printers) enable wide spectrum of possible research on use of BIM with automated manufacturing systems in construction.
First requirement for better interoperability in the succeeding phases is to exchange geometry from design applications such as ArchiCAD to the above-mentioned automated manufacturing systems. However, IFC geometry was designed to support exchange of simple parametric models, such as wall systems and extruded shapes [20] , which means that the exchange of free-form shapes translates with missing surfaces and possibly other errors. In practice this means that any arbitrary surface (i.e. NURBs-like) has to be tessellated (triangularization), as the industry prevailing support for IFC2x3 does not support NURBs. It seems that IFC "is not yet good enough". This will change with the adoption of the latest IFC 2x edition Release 4 (IFC2x4). The geometry could be re-designed with existing commercial or open source tools already supporting IFC2x4, which would extend design interoperability by eliminating "from-to" proprietary format conversions. The importance of the detailed BIM for buildings cannot be emphasized enough in case of automated and especially AM. Integral design of all building accessories like internal heating, ventilation, and air conditioning (HVAC), water supply, and drainage network installations is essential when applying additive manufacturing. In such a building it is impossible to build the ventilation network with traditional vertical and horizontal canals. Design of embedded installations and their manufacturing with additive layer technologies are very intriguing possibilities for the future. For example, in micro structured clay wall plastic pipes for ventilation, water or even cooper DC power line can be printed in the same layer.
With the advent of the interoperable BIM physical XML file based on the IFC2x4 also such compound design details like wall with ventilation canals can be transferred to the manufacturing (printing) process.
The requirement for the detailed BIM makes the planning and design phase very creative and time demanding, but then the final phase of the building process, manufacturing (printing), is almost completely automated.
File formats for AM
In a collaborative environment the detailed BIM is the source of design specifications, which are interpreted and converted to the required information for product manufacturing. The process of generating effective sequence of machining operations is generally known as Computer-Aided Process Planning (CAPP) and is a wide research field ranging from multistage machining processes [21] to the machining precedence of interacting features in a featurebased data model [22] , [23] .
Automated manufacturing machines are never fed with raw geometry data because the machines "speak" different language (i.e. G-code). Therefore, the geometry needs to be processed with a computer-aided manufacturing (CAM) software or with a CAM plugin in the software for modelling. The CAM software then actually generates jobs for the manufacturing machines.
In all kinds of additive manufacturing and especially in the future building industry far more information from our model is needed, for example colour, texture, material and especially substructure of the fabricated target object. Multi-material and microstructure geometries are essential in the complex building production.
Conclusions and future scope
Our research focus was on automated manufacturing systems because they present island of automation in the construction phase. Isolated automated manufacturing systems are also bottlenecks for new engineering collaboration environments like service-based manufacturing networks.
Our work pursued process model, design, engineering, and manufacturing of a construction element with integrated central ventilation duct system. Practical research experience gained in the experiment was that the use of automated manufacturing systems significantly increases the interoperability demand in the early lifecycle phases. Following that experience, we can report on the main results of our research, which present requirements for interoperability in a building lifecycle when automated manufacturing systems are in place. These requirements are:
Computer controllable lifecycle workflow model. Construction process modelled in BPMN can be mapped to BPEL, which further enables immediate generation and execution of Web Service interfaces for data exchange between investors, BIM design services, computer-aided process planning services and manufacturing services.
Detailed BIM with embedded building accessories. Such approach significantly intensifies engineering efforts in the planning, engineering and design phase. With the use of additive layer technology innovative designs are possible that must implicitly satisfy all relevant engineering requirements for structural stability, HVAC etc.
Streamlined generation of tasks for automated manufacturing systems. Automated manufacturing machines are never fed with raw geometry data because the machines "speak" different language. The process of generating effective sequence of machining operations is generally known as CAPP. Geometry for 3D-printers was exchanged in STL file format.
Future research will include use of AMF file instead of STL file, because the AMF contains information about shape but also composition of 3D object with native support for colours, textures, materials, constellations and substructure and is therefore well prepared also for needs in the AECOO industry. The AMF is XML based format file and is standardised interchange file format by ASTM (American Society for Testing and Materials) under ASTM F2915 -12 "Standard Specification for Additive Manufacturing File Format Version 1.1" [24] . It is to test if the AMF format is well prepared also for needs in building industry.
Future AECOO projects fulfilling the three requirements meet minimal conditions for interoperable use of automated manufacturing systems in construction. Such projects will contribute to the decreased cost of interoperability inefficiency throughout the lifecycle of a building.
Automated manufacturing systems will undoubtedly expand and find their place in the future way of building. Additive manufacturing or simply 3D printing will play significant role in near future AECOO industry. Additive manufacturing has potential to be "the next big step forward", because it allows advanced and brave design and freeform constructions inspired by nature. Design phase will significantly intensify the importance of embedded building details while in the construction phase less human intervention will be needed.
Application of large-scale additive manufacturing systems with 3D printers in the AECOO industry is in early research phase. Future research directions are further parameterisation of the interoperability demand function, BIM maturity, automation of workflow models, application of structural engineering results into models' infill structure and new approaches for engineering of embedded building elements.
